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Reverse osmosis membraneSince the breakthrough discovery made by Cadotte and his co-workers in the 1970s, thin-ﬁlm composite
(TFC) membrane prepared using interfacial polymerization (IP) technique has experienced signiﬁcant pro-
gress in composite membrane development and emerged as one of the most advanced technologies in
water and wastewater puriﬁcation processes. Nowadays, the most promising technology to desalinate
seawater is reverse osmosis (RO), which is driven by a pressure gradient across a semi-permeable membrane.
This technology has drawn great attention mainly due to its relatively low energy usage during operation
as well as easy of operation and maintenance compared to other conventional technologies such as thermal
desalination. On the basis of the brief introduction on TFC membrane, this paper will highlight the recent
developments of RO TFC membrane and its challenges in seawater desalination process with respect to
fouling problem, boron rejection and chlorine attack. Future directions in SWRO membrane research are
also discussed to further expand research and development related to seawater desalination process.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
In the 21st century, the most crucial problem afﬂicting people
around the world is global water scarcity. The rapid growths in
population and economy have resulted in greater demand on the
quantity and quality of drinking water, leading to catastrophic water
shortage in arid and water-stressed region areas [1]. It is projected
that by year 2030, the global needs of water would increase to
6900 billion m3 from the current 4500 billion m3 [2]. As a result, the
present surface water resources will no longer be sufﬁcient to meet
the future needs for mankind.
With the fact that only around 0.8% of the total earth's water is fresh
water [3], numerous researches were conducted in an effort to develop
more sustainable technological solutions that would meet increasing
water consumption. Of the technologies developed, desalting seawater
to produce clean water for drinking, irrigation, industrial and urban de-
velopment emerged as the most sustainable approach [4]. In general,
desalination technologies can be categorized into two different mecha-
nism separations, i.e. thermal and membrane-based desalination. The
thermal processes includemulti-stage ﬂash (MSF),multiple effect distil-
lation (MED) and vapor compression distillation (VCD), whereas
membrane-based processes include reverse osmosis (RO), nanoﬁltra-
tion (NF) and electrodialysis (ED) [3]. Among these technologies, ROTechnology Research Centre
i, Johor, Malaysia. Tel.: +607
rights reserved.membrane desalination is the primary choice where it dominates up
to 44% of the total world desalination capacity [3]. Fig. 1 presents the
total amount of water produced by membrane desalination plants and
thermal desalination. As can be seen, membrane desalination is pro-
jected to increase exponentially in the next 4 years whereas the growth
of thermal desalination remained almost unchanged [5]. Fig. 2 on the
other hand shows the global installed desalination capacity by water
sources and the use of seawater as feed brine has contributed more
than half of the total capacity produced worldwide [6].
Since the ﬁrst invention of RO asymmetric membranes by Loeb
and Sourirajan in the late 1950s, the membrane technology has
shown signiﬁcant progress in desalting seawater [7]. The improve-
ments in technology as a result of the use of energy-efﬁcient devices,
innovative process designs and novel membrane materials have con-
tributed greatly to the notable reduction in the cost of desalination.
In 1998, the price of desalting 1 m3 seawater using RO membrane
was in the range of $1.00 to $2.00 [8]. The cost however has substan-
tially dropped to $0.50–.70/m3 over the last couple of years [9]. It is
reported that the production cost of the world's largest SWRO desali-
nation plant built in 2005 in Ashkelon, Israel was at $0.53/m3 [3].
There are three major membrane producers supplying polyamide
thin-ﬁlm composite (PA-TFC) membranes worldwide. The commer-
cial seawater membrane elements which manufactured by niche
membrane producers such as Hydrautics, Dow (FilmTec) and Toray-
Nitto Denko in general offer very high salt rejection (99.4–99.8%) at
standard test conditions of 32,000 ppm NaCl solution at 5.5 MPa and
25 °C. In addition to the high selectivity, PA-TFC membranes also
exhibit greater water permeability than those of typical asymmetric
Fig. 1. Comparison between membrane desalination capacity and thermal desalination
capacity from 1980 to 2016 [5].
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the past and present.
Several review articles can be found in the literature covering
the development of composite RO and NF membranes [10–13].
These articles however did not address in detail the challenges
faced by membrane desalination. Therefore, the aim of the present
review is to bridge the gap of knowledge in seawater desalination
using RO TFC membranes by providing an intensive coverage on
membrane permeability and selectivity, in particular boron rejection
during desalination process as well as fouling propensity and mem-
brane degradation due to chlorine attack. It is important to review
previous research works in order to provide an insight overriding
the limitations of current RO membranes for the future development.2. Preparation of thin-ﬁlm composite membrane
In general, polymerization reaction takes place at the interface of
the two liquids which are insoluble to each other. In order to establish
a very thin PA active layer on top of a supporting membrane, the sub-
strate typically will be ﬁrst immersed into an aqueous solution con-
sisting of amine monomer (mostly between 0.1 and 1% w/v) prior
to immersion in second organic solution of acyl chloride monomer
(between 0.05 and 0.2% w/v). The membrane is then subject to heat
treatment at 70–90 °C to densify the polymerization properties of
PA layer and/or enhance adhesion of PA thin layer to surface of sup-
port membrane. Due to the signiﬁcant advantages of IP technique inFig. 2. The water sources used for global desalination processes [6].optimizing independently the properties of skin layer and micropo-
rous substrate layer [14,15], a wide variety of TFC membranes have
been successfully developed by many companies, allowing the appli-
cations of membranes for various industrial separation processes.
Compared to asymmetric membrane, it is generally agreed that
TFC membrane offers many advantages such as high water molecules
transport rate, excellent mechanical properties (under high pressure
of seawater desalination applications) and relatively stable over
wide range of pH. A commercial FT-30 membrane developed by
Filmtec Corporation for instance demonstrates up to 99.1% NaCl rejec-
tion with ﬂux as high as 42.5 L/m2 h at a pressure of 5.5 MPa [10].
Though TFC membranes show excellent performances with respect to
ﬂux and NaCl rejection, inadequate boron rejection efﬁciencies and
its sensitivity to fouling and chlorine attacks are the main concerns in
many industrial applications.
2.1. Challenges of RO TFC membranes in desalination industry
In desalination industry, beach wells (subsurface intakes) and
open surface intakes are the two main feed water sources used in
SWRO plants [3]. In general, beach wells which contain relatively
low impurity content are considered when the total water production
is below 4000 m3/day. If more than 40,000 m3water/day is required
to produce, beach wells intake is no longer applicable and open sur-
face might be the ultimate solution to meet the requirement [3,16].
As a comparison, the concentration of total dissolved solids in open
ocean intakes is relatively more consistent than that of beach well
intakes, leading to more reliable desalination process [16].
As fouling problem is unavoidable in all pressure-driven mem-
brane water separation processes, systematic identiﬁcation on seawa-
ter components which contribute themost tomembrane performance
deterioration is highly recommended. In addition to fouling problem,
inefﬁciency of RO membrane in boron removal coupled with sensitiv-
ity of PA selective layer to chlorine are the other main challenges
encountered by SWRO. In view of this, the following subsections will
discuss in detail all these challenges faced by RO TFC membranes in
desalination process.
2.1.1. Fouling propensity
Fouling mainly refers to the deposition of foulants on top of the
membrane surface or within the membrane pore and can be generally
categorized into inorganic fouling, colloidal fouling, organic fouling
and biofouling [17–20]. It must be pointed out that fouling portrays
the prominent constraint in seawater desalination process. It deterio-
rates membrane performance and shortens its lifespan, leading to
increased operation cost. For these reasons, membrane fouling con-
trol is highly recommended as an imperative way to control the eco-
nomics of SWRO desalination process.
To date, biofouling which is denoted as the “Achilles heel” of mem-
brane processes still remains one of the most technical challenges in
SWRO desalination industry [21]. The adhesion of microorganisms
and/or organic matters onto the PA surface promotes the develop-
ment of microbial, which subsequently attributes to the formation of
extra-cellular polymeric substances (EPS) on the membrane surface
[22,23]. It is generally agreed that membrane resistance is increased
following a bioﬁlm formation, leading to lower water productivity.
Experimental results revealed that bioﬁlm formation could hustle the
augmentation of dissolved ions on the membrane surface, resulting in
remarkable increase in concentration polarization [22]. Besides, the
accumulation of microorganisms such as bacteria, fungi and algae will
produce acidic byproduct which is considered a major contribution for
the deleterious membrane degradation [19,22]. In order to maintain
water output, additional feed pressure is needed and this as a conse-
quence results in higher energy consumption [22,23].
In the literature, many fundamental studies have been conducted
to determine the mechanisms of membrane biofouling in seawater
Fig. 3. The distribution of boric acid and borate ion in the feed water as a function of
feed pH (test conditions: 25 °C and 35,000 ppm) [34].
Fig. 4. Orton rearrangement of an aromatic amide with active chlorine [39].
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relative contribution of bacteria cells (i.e. Pseudomonas aeruginosa
PA01) and their self-produced EPS to the membrane performance
decline. They suggested that the declines in both permeate ﬂux and
salt rejection were primarily due to the bioﬁlm-enhanced osmotic
pressure (BEOP) effect. This effect was a result of the attached bacte-
ria cells on membrane surface, hindering back-diffusion of salt ions
and building up osmotic pressure adjacent to membrane surface.
Some studies found that the contribution of BEOP effect to the
membrane performance loss was much greater than the hydraulic
resistance of seawater desalination [25,26]. Previous data showed
that the BEOP effect could contribute up to 70% of the total trans-
membrane pressure when highwater production is needed to achieve
[25]. The BEOP effect however could be signiﬁcantly minimized by
employing spacer as turbulent promoter in the feed channel of spiral
wound module [26,27].
As of now, there are three strategies that are being implemented
to control biofouling in RO membrane process. These include: (i) ap-
plying biocides (e.g. chlorine or ozone) dosage or UV irradiation to
deactivate bacteria, (ii) installing pretreatment processes (e.g. MF or
UF membrane) and (iii) developing low-fouling membranes to mini-
mize microbial adherence [27]. Owing to the complexities involved in
biofouling, efforts must be expanded by both engineering and funda-
mental aspects in order to compensate the gradual reduction of mem-
brane water ﬂux and further reduce the operation/maintenance costs.
Apart from typical bioﬁlm formation, further decline in membrane
permeability is also possible as a result of mineral scaling [28]. Scale
removal due to the precipitation of minerals such as calcium carbon-
ate, magnesium carbonate, calcium sulfate and silica is complicated,
but the impact of it in SWRO desalination plant is less pronounced,
considering the low recovery rate, high ionic strength and low con-
centration of bicarbonate ion of seawater [20].
2.1.2. Boron rejection
The issue of excessive boron in treated water of SWRO plants has
becomemore challenging based on the current standard set byWorld
Health Organization (WHO) for drinking water quality (b0.5 mg B/L)
[29]. Boron which naturally presents in seawater can easily form as an
uncharged boric acid, B(OH)3 with a concentration varies between 4.5
and 6.0 mg/L, depending on the location of water bodies [3,30,31].
It is reported that at pH lower than 9, boric acid could form non-
dissociated molecular species. Considering its relatively small solute
size, uncharged boric acid is found to be able to permeate easily through
RO membrane which in turn sharply decreases the efﬁciency of the
boron removal [30,32]. As reported in another study, the uncharged
boric acid is able to form hydrogen bridges with the active groups of
the membrane, causing it to diffuse in a similar way like water mole-
cules [33]. At pH>9, uncharged boric acid would tend to dissociate to
form a dominant borate ion as follows [30,32,34].
H3BO3 þ H2O↔BðOHÞ−4 þ Hþ;pKa ¼ 9:24 ð1Þ
Further increasing the pH to approximately 11, one can experi-
ence that most of boric acids will be completely dissociated to borate
ions as shown in Fig. 3. Under such conditions, borate ions will inter-
act with boric acid molecules to form poly-nuclear ions such as
[B4O5(OH)4]−2, [B3O3(OH)5]−2, [B3O3(OH)4]− and B5O6[OH4]−
[30,32,35]. Eq. (2) shows the formation mechanism of one of the
poly-nuclear ions formed from boric acid [30]:
BðOHÞ3 þ 2BðOHÞ−4↔½B3O3ðOHÞ52− þ 3H2O ð2Þ
In general, boron can be effectively eliminated at pH 11 than that of
lower pH values [34,36]. Higher pH of feed seawater however would
promote deposition of salt e.g. calcium carbonate and magnesiumhydroxide onto membrane surface, resulting in another major prob-
lem [36,37]. Despite the strong effect of pH, there are several other
factors that should be taken into consideration during dissociation of
boric acid in feed water. These include operating temperature and
pressure, ionic strength of seawater as well as intrinsic properties of
membrane itself [30,34,36]. It must be pointed out that boron rejec-
tion efﬁciency using commercial RO TFC membranes is still relatively
low compared to other dissolved ions under typical SWRO operating
conditions. In order to obtain promising rejection of boron, multiple
RO passes are highly recommended by manipulating the pH of feed
water [3,38].
2.1.3. Chlorination
The presence of chlorine in feed water is reportedly able to attack
amide linkages of interfacially polymerized layer on a composite
membrane. Chlorine is generally known as the main component
attacking PA structure, forming N-chlorinated amide in the initial
step. The process is followed by a non-reversible reaction i.e. ring-
chlorination through intramolecular rearrangement of chlorine
atom into aromatic ring of the diamine moiety via Orton rearrange-
ment. Fig. 4 illustrates a major change in chemical and physical char-
acteristics of PA layer as a result of Orton rearrangement. Previous
studies revealed that membrane degradation due to chlorine attack
is independent of feed pH but strongly relies upon chlorine concen-
tration and its exposure time in feed water [39–42].
Some membrane scientists experienced that operating mem-
branes under pressurized condition with the aim of achieving desired
performance could be another major factor increasing polymer chain
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This as a consequence leads to increased salt passage through mem-
brane, lowering solute separation rate [43]. In view of this, Antony et
al. [40] investigated the performance of a commercial PA membrane
by conducting a test under active (pressurized and constant stirring)
and passive (unpressurized and unstirred) conditions at different
hypochlorite concentrations. As shown in Fig. 5, it is found that both
permeability and salt passage were increased under active condition,
indicating applied pressure could signiﬁcantly promote the Orton
rearrangement process, leading to maximum damage to the PA active
layer. Owing to this reason, the authors suggested tominimize environ-
mental dynamismwhenmembrane is exposed to chlorine in industrial
applications [40].
On the other hand, the presence of iron in monochloroamine solu-
tion is also known to accelerate the oxidation rates on PA membrane
structure [44,45]. The mechanism due to this oxidation process how-
ever has yet to be identiﬁed and more investigations are needed in
order to better understand its impact on themembrane performances.
2.2. Recent progress in the development of RO TFC membranes
The main characteristics to utilize RO TFC membrane are its ability
to exhibit high water ﬂux and salt rejection, excellent thermal and
chemical stability, resistant to fouling as well as good tolerant to chlo-
rine attack. In the following sections, the development on the RO TFC
membrane progress in seawater desalination process, covering the
research topics from top active layer improvement to non-selective
microporous substrate development will be reviewed in order to pro-
vide good insights from the current development.
2.2.1. Optimization of interfacial polymerization process for more robust
ﬂux/salt performance
The performance of top selective layer of TFC membrane can
be basically determined by its physiochemical properties such asFig. 5. (a) Permeability and (b) salt rejection of RO TFC membrane under active and
passive conditions [40].permeability, selectivity, surface roughness, charge performance and
hydrophilicity [46]. The characteristics of TFC membrane are able to
be altered through the use of different properties of aqueous/organic
phase solution during IP process. As reported in the literature, one can
notice that concentration of monomers, solvent type, reaction time,
coating temperature and post-treatment condition are the most com-
monly used parameters to fabricate PA ﬁlm of various properties
[10,15,47,48]. Over the years, considerable interests have been paid
for enhancing the interfacial property of PA ﬁlm so as it can be uti-
lized and functionalized stably even under harsh environments. It is
generally known that inherent property of monomers and prepara-
tion conditions are accounted to be major elements in determining
the good performance of fabricated PA ﬁlm.
In recent years, studies have been done by employing nano-scale
materials e.g. TiO2 and carbon nanotubes during IP process with the
aim of overcoming the tradeoff between water permeability and
solute selectivity. These nano-scale materials are very promising to
improve the properties of polymerized ﬁlm due to their tunable char-
acteristics with respect to size, solubility, shape and hydrophilicity. It
is generally accepted that water permeability correlates to the hydro-
philicity and surface roughness whilst salt rejection corresponds with
the extent of cross-linking, chain stiffness, and chain packing density
of the skin active layer [49–51].
In 2008, Chen et al. [52] introduced novel hydrophilic sulfonated
cardo poly(arylene ether sulfone) (SPES-NH2) into the aromatic PA
chains in an effort to enhance the water permeability of membrane
prepared from TMC and MPDA. Under optimum preparation condi-
tions, it is experienced that rigid and hydrophilic SPES-NH2 could en-
hance remarkably water permeability, achieving up to 51.2 L/m2 h at
2.0 MPa with salt rejection as high as 97.3%. Similarly, the incorpora-
tion of poly (m-aminostyrene-co-vinyl alcohol) (P(mAS-VA)) into the
aqueous solution during TFC membrane preparation also exhibited
a remarkable increase in water permeability mainly due to the hy-
drophilic characteristic and ﬂexible structure of poly (vinyl alcohol)
embedded in PA structure as claimed by the authors [53]. Neverthe-
less, it is pointed out that salt rejection tended to decline by increasing
the content of vinyl alcohol in P(mAS-VA), owing to the loose struc-
ture formed. Attempts were also made by Li et al. [54,55] to fabricate
PA layer derived from biphenyl acid chloride monomers such as
3,4′,5-biphenyl triacyl chloride (BTRC), 3,3’,5,5’-biphenyl tetraacyl
chloride (mm-BTEC), 2,2’,4,4’-biphenyl tetraacyl chloride (om-BTEC)
and 2,2’,5,5’-biphenyl tetraacyl chloride (op-BTEC) in an effort to
promote greater water permeability. Of the membranes prepared,
op-BTEC demonstrated the highest water ﬂux (~54.2 L/m2 h) with
salt rejection greater than 97% at a feed pressure of 2.0 MPa using
2000 ppm NaCl solution [55].
On the other hand, a novel of various polyacyl chlorides was
introduced to fabricate polyamide-urea and polyamide-urethane net-
works which were derived from 5-isocyanato-isophthaloyl chloride
(ICIC) and 5-chloroformyloxy-isophthaloyl chloride (CFIC), respec-
tively [56–60]. Low concentration of isopropyl alcohol was the
optimum condition to produce CFIC-MPD membrane with about
35 L/m2 h of ﬂux and approximately 99.4% of NaCl rejection at
5.5 MPa using 3.5 wt.% salt concentration solution [59]. In compar-
ison with commercial SWRO membranes, fabricated membrane
displayed thicker skin layer, leading to higher resistance for
water molecules to permeate. Later studies found that the thick-
ness of skin layer as well as surface roughness of the fabricated
TFC membranes tended to decrease using novel polyacyl chlorides
in order of CFIC-MPD>TMC-MPD>ICIC-MPD [58]. Through the
addition of cross-linking agent (e.g. isophthaloyl chloride and
terephthaloyl chloride) into the CFIC-organic solution, Yu et al.
[60] experienced that the water ﬂux of membrane derived from
CFIC-MPD could be further improved without compromising salt
rejection. With respect to boron removal, it is reported that CFIC-
MPD membrane exhibited much better rejection rate in rejecting
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from seawater [59].
In addition to the properties of aqueous and organic solution,
post-treatment process is also an important step in the preparation
of outstanding TFC membrane. Rou et al. [15] experienced that by
increasing temperature to an appropriate level, TFC membrane with
improved salt rejection could be obtained due to the extent of
cross-linking by dehydration of carboxyl groups and unreacted
amines on PA ﬁlm. Prolonging the curing time at high temperature
however would damage the porosity of PA layer which would lead
to decrease in water ﬂux. According to them, a composite membrane
with optimized properties could be produced at 75–80 °C with curing
time of 3 min.
More recently, combination of physical–chemical post-treatment
has also been introduced in order to further improve membrane per-
formances [61]. The fabricated membranes were treated in either wet
or dry curing followed by soaking with two different combinations
of rinses (200 ppm NaOCl aqueous solution followed by either 1 g/L
Na2S2O5 aqueous solution or 2 g/L NaHCO3 aqueous solution). The
results indicated that dry curing TFC membrane treated by NaHCO3
rinse showed superior water permeability (~61 L/m2 h) and excellent
salt rejection (99.4% at 32,000 ppm NaCl, 5.5 MPa), exceeding the
performance of commercial SWRO membrane (~33 L/m2 h and
99.3%) under the same operating conditions.
It is also reported that the presence of additives during IP process
could play a role inﬂuencing the morphology and properties of fabri-
cated PA ﬁlm by improving monomer solubility and diffusivity [48].
Previous studies showed that the addition of an acid-acceptor e.g.
salt of triethylamine with camphorsulfonic acid (TEACSA) in aqueous
solution could speed-up reaction by removing hydrogen halide by-
products formed during amide bond formation [59,62,63]. Besides
enhancing substrate surface wettability, there were studies to show
that sodium lauryl sulfate (SLS) or sodium dodecyl sulfate (SDS)
could prevent pore collapse in PSF substrate during heat treatment
process [62,63]. An attempt was also made by employing polar apro-
tic solvent during interfacial polymerization. It is proven that polar
aprotic solvent was able to accelerate ﬁlm-formation rate through
expansion of miscibility between water and organic phases [63,64].
Recently, hexamethyl phosphoramide (HMPA) has been added to
aqueous amine solution in order to facilitate the diffusion rate of
MPD in the organic solution and create a thicker zone for IP reaction
[63]. Results indicated that the higher the HMPA concentration, the
greater the degree of PA cross-linking and the thicker the PA ﬁlm
formed. Greater degree of cross-linking also led to enhancement in
water ﬂux which can be due to the increasing surface area as a result
of irregular clusters formation.Fig. 6. Schematic presentation of the surface of nano-structured RO TFC membrane
[77,78].2.2.2. Optimization of polyamide layer for fouling resistant
Generally, PA membranes exhibit negatively charged when oper-
ated at pH>4 due to the ionization of carboxylic groups [65,66].
It has been reported that hydrophobic PA membranes are more
prone to fouling since most of the foulants present in seawater are
hydrophobic in nature. With such concerns, considerable efforts
have been made to control membrane fouling by altering its surface
properties through physical and chemical modiﬁcation techniques
such as coating, grafting and blending [67].
Studies were conducted to investigate the correlation between
surface roughness and fouling propensity [65,66,68,69]. It is revealed
that foulant particles prone to deposit faster in rougher surface
compared to smoother surface, mainly due to the ridge and valley
topologies of rough surface. Elimelech et al. [65] proved that colloid
particles adhered more faster in commercial TFC membrane than
those of cellulose acetate membrane due to the inherent surface rough-
ness of TFC membrane. In view of the importance of membrane surface
roughness on fouling mitigation, reduction on surface roughness hasbeen spotlighted in many studies in an effort to improve fouling resis-
tance of seawater membranes [65,68,69].
Increasing hydrophilicity of membrane surface has also gained
popularity among membrane scientists to endeavor fouling propensi-
ty because many foulants are inherently hydrophobic. Common ap-
proach to reduce fouling tendency is to coat commercially available
RO TFC membranes with highly fouling-resistant materials. It is
reported that the coating layer should be ultrathin and possesses
highly water-permeable characteristic [70]. For instance, polyether–
polyamide block copolymer, poly (ethylene glycol) (PEG)-derivatives
and thermo-responsive polymer were considered as potential coating
materials to improve membrane wettability and produce smoother
membrane surface which restrict the adhesion of particulate mate-
rials [66,70]. However, a study revealed that the coated material
might somehow penetrate into the ridge and valley structure of PA
layer, leading to increase in membrane resistance and decrease in
water permeability [70].
It is also reported that amine-functional coating materials e.g.
polyamidoamine (PAMAM) dendrimers and PAMAM-PEG were able
to be used in developing newly anti-fouling membranes by enhancing
hydrophilic characteristic and forming brush-like properties [71]. A
hydrophilic trigylme (a PEG/PEO-like properties) was found useful
to be deposited onto commercial RO TFC membrane by creating
reactive monomer fragments which could interact with PA surface,
forming a high degree of cross-linked polymer structure [72]. These
treated membranes exhibited signiﬁcant effect to anti-fouling prop-
erties by reducing the adsorption of organic matter onto membrane
surface.
On the other hand, direct surface graft polymerization using hy-
drophilic and charged monomers or polymers becomes a preeminent
approach to enhance membrane fouling resistance by minimizing the
adsorption of microorganisms and charged particulates [73]. The re-
sults obtained from a pilot scale study showed that PEGMA-grafted
modiﬁed commercial SWRO membrane exhibited superior anti-
fouling properties in comparison to unmodiﬁed membrane [74]. The
surface modiﬁcation indeed played a role in improving membrane
resistance against irreversible fouling because colloidal materials
which deposited on modiﬁed membrane could be easily removed
by backwashing. Furthermore, Wei et al. [75,76] grafted hydantoin
derivatives onto the nascent PA layer of composite membrane. It
is reported that, after exposure to chlorine, hydantoin-grafted mem-
branes exhibited better antimicrobial efﬁciencies owing to the exis-
tence of N-halamines in grafted-PA matrixes which is generally
known as strong biocides.
Fig. 6 depicts a newly developed surface nano-structured polyam-
ide thin-ﬁlm composite (SNS-PA-TFC) membranes with end-grafted
hydrophilic polymer brush layer [77,78]. It is found that sufﬁcient
Brownian motion of poly(methacrylic acid) (PMMA) chains was
Fig. 7. (a) Salt rejection and (b) water permeability of silane-coated TFC membranes
using either methyltriethoxysilane (MeTES), octyltriethoxysilane (OcTES), octade-
cyltrimethoxysilate (OdTMS), phenyltriethoxysilane (PhTES) or vinyltriethoxysilane
(VTES) as coating reagents [91].
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ment onto the grafted-membrane surface, and thereby, reducing
scaling propensity due to gypsum and further reducing ﬂux decline
[77,78].
In addition to grafting method, Matsuura and his co-workers
introduced hydrophilic surface modifying macromolecules (LSMM)
into PA layer through in-situ reaction of 4,4’-diphenylmethane
diisocyanate and PEG during IP process [79,80]. It is claimed that
LSMM will move towards the membrane surface during the PA
formation and changing the charge of the membrane surface, making
it more suitable for seawater desalination process [79].
In view of the importance of membrane surface charge in creating
electrostatic repulsion force to prevent the deposition of foulants on
membrane top surface, Zhou et al. [81] enhanced the electrostatic
repulsion between membrane and the foulants using electrostatic
self deposition of polycations method. The modiﬁed membrane
displayed signiﬁcant improvement on anti-fouling properties against
cationic foulants (i.e., dodecyltrimethylammonium bromide) and
showed better rejection to divalent salt MgCl2. Furthermore, a novel
polyamide/chitosan (PA/CS) membrane with positively charged sur-
face was also developed by depositing chitosan electrostatically
onto membrane surface [82]. The attachment of chitosan molecules
was found not only to be able to increase membrane hydrophilicity
but also showed greater rejection of divalent salts than those of the
negatively charged PA commercial membranes. Under optimum
preparation conditions, PA/CS membrane exhibited water ﬂux of
57.7 L/m2 h and salt rejection of 95.4% when tested with 1500 mg/L
NaCl at 0.8 MPa.
2.2.3. Optimization of polyamide layer for chlorine resistant
Since ring-chlorination causes disruptive membrane damage,
manifold investigations have been done to improve chlorine stability
of membrane against oxidative degradation. It is noted that the chem-
icalmodiﬁcation of PA layer through the use of diaminemoieties could
greatly enhance the chlorine resistant of membrane. The effectiveness
of chlorine resistance is in the order of aromatic, cycloaliphatic and
aliphatic diamine, respectively. Improved PA properties against chlo-
rine attack can be chemically conducted as suggested by previous
studies [39,83–87]. These include (1) altering aromatic diamine with
aliphatic or cycloaliphatic diamine moieties with a secondary amino
groups, (2) introducing polyamide derived from secondary diamines
and (3) modifying functional group at ortho position of an aromatic
diamine moiety to hinder Orton rearrangement.
According to Shintani et al. [84], PA prepared from diamine with
ortho-positioned amino groups exhibited prominent chlorine resis-
tance, compared with those amino at meta and para positions. This
is possibly due to the steric hindrance in ortho-positioned PA which
minimized the attack of free chlorine to active amide linkages. The
membrane prepared from the interfacial polymerization between
m- phenylenediamine-4-methyl (MMPD) and trimesoyl chloride
(TMC) also showed better chlorine resistance compared to conven-
tional MPD-TMC membrane due to steric effect of the substitute
methyl group on the aromatic diamine ring, minimizing ring-
chlorination [83]. Furthermore, diamine containing hexaﬂuoroalcohol
(HFA) ortho-functional groups has also been employed to protect
chlorine active amide linkages and benzene rings from oxidative deg-
radation, mainly owing to the unique characteristics of HFA group in
withdrawing electron [86]. In 2010, free-radical graft polymerization
of hydantoins derived from 3-monomethylol-5,5-dimethylhydantoin
(MDMH) and 3-allyl-5,5-dimethylhydantoin (ADMH) onto surface
aromatic PA membrane were successfully developed [75,76]. The
grafted hydantoin groups played as sacriﬁcial pendant groups upon
chlorine attacks, endowing membranes with high chlorine tolerance
of up to 2000–2500 ppm h.
On the other hand, Kim et al. [88]modiﬁed conventionalMPD-TMC
membrane by post-treating it at high curing temperature using multi-hydroxyl containing cross-linking monomers. Contact angle measure-
ment indicated that hydrophilicity of the treated membrane was
increased, as a result of more hydroxyl groups (–OH) cross-linking
with amide groups (–NH). Liu et al. [89] recently reported that
membrane surface layer coated with hydrophilic copolymers
poly(N-isopropylacylamide-co-acrylamide) (P(NIPAM-co-Am))
could effectively improve acid stability and chlorine resistance. It is
experienced that the selectivity of virgin MPD-TMC membrane de-
creased dramatically to 89.5% whilst coated MPD-TMC membrane
remained unchanged at about 98.5% after 2 months of operation
with aqueous solution containing 0.5 mol/l HCl and 2000 ppm NaCl
at 1.5 MPa and 25 °C. Besides being a protective and sacriﬁcial layer
to PA-TFCmembrane, P(NIPAM-co-Am) layer also played a role to en-
hance the intermolecular hydrogen bonding in the PA barrier layer,
restricting the hydrolysis and chlorination process of amide linkages.
Silane compounds substituted with alkyl, aryl and vinyl groups
have also been reportedly used as chlorine-resistance coating mate-
rials for commercial TFC membranes [90,91]. Fig. 7 shows the salt re-
jection and water permeation of membranes coated with and without
silane as a function of different chlorine exposure times. As can be seen,
almost all the silane-coated membranes demonstrated superior resis-
tance to chlorine of up to 25,000 ppm h of exposure with insigniﬁcant
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the silane compounds in protecting amide linkages against chlorine
attack.
2.2.4. Incorporation of inorganic ﬁllers into polyamide membrane
In recent years, nanotechnology opens new frontier in the devel-
opment of advanced materials with improved properties for
SWRO desalination. Fig. 8 illustrates the incorporation of zeolite and
carbon nanotubes (CNTs) within the PA matrix [92,93]. These novel
approaches have attracted considerable interest among membrane
scientists to produce a new class of thin-ﬁlm nanocomposite (TFN)
membranes with desired functionalities and properties. Early study
showed that TFN membranes composed of zeolite A (LTA) exhibited
a dramatic improvement in both permeability and fouling resistance
[92]. It has been reported that zeolite nanoparticles offer preferential
ﬂow paths for water molecules, leading to greater water productivity
[103]. Since the size of zeolite nanoparticle is tunable, it could there-
fore create a “percolation threshold” through the PA matrix which
in turn improved membrane water permeability without sacriﬁcing
salt rejection rate [61,94]. At very low zeolite loading used, produced
TFN membranes were found to demonstrate excellent water perme-
ability (37–42 L/m2 h) with slightly improvement in salt rejection
(95.7–99.5%) as compared to the neat commercial TFC membrane
(~33 L/m2 h and 99.3%) when tested using 32,000 ppm NaCl solution
at 5.5 MPa. Fathizadeh et al. [95] on the other hand fabricated TFN
membranes using recipe which composed of 0.2% (w/v) nano-NaX
zeolite, 0.1% (w/v) TMC and 2% (w/v) MPD. The resultant membranes
displayed outstanding water ﬂux which was 1.8 times greater than
PA-TFC membranes, with no signiﬁcant change in salt selectivity.
Furthermore, silica-polyamide nanocomposite membrane with im-
proved properties has also been developed using silica nanoparticles
of various sizes [96]. Results revealed that with the addition of
1–2 wt.% silica into membrane matrix, membranes with promising
performances with respect to ﬂux and rejection could be fabricated.
An attempt was alsomade to introduce titanium oxide (TiO2) nanopar-
ticles to the neat PA layer by self-assembly process in an effort to
solve biofouling problem [97]. As illustrated in Fig. 9, TiO2 nanoparticles
were able to self-assemble with −COOH groups in PA networks
following two possible adsorptionmechanisms, i.e. interaction between
TiO2 and oxygen atoms through bidentate coordination of Ti4+ cations
and hydrogen-bonding interactions between carboxylic groups and
TiO2 nanoparticles. The photocatalytic effects due to the presence
of TiO2 on membrane could offer synergistic effect to decompose
organic chemicals present in water as well as eliminate bacteria which
are the major contributor to membrane biofouling. Similarly, silver
nanoparticleswere reportedly able to be integratedwith PAmembrane,
releasing silver ions whichwould react actively with thiol (–SH) groups
of microbial cells and as a result, making them inactive to interact with
PA layer [98].
Very recently, Kong et al. [99] prepared TFN membranes by
adding three different types of metal alkoxides such as titanium
tetraisopropoxide (TTIP), bis(triethoxysilyl) ethane (BTESE) and
phenyltriethoxysilane (PhTES) to the organic solution with theFig. 8. Conceptual illustration of TFN membranes by embedding (a) zeolite-aims of improving the dispersion of inorganic nanoparticles in the
hexane solvent and producing smaller inorganic particles during IP.
Of these membranes fabricated, it is found that PhTES-TFN membrane
displayed the most signiﬁcant improvement in water ﬂux (~2 fold)
with negligible salt rejection loss (95–98%) compared to the pristine
PA-TFC membrane at operating pressure of 1.5 MPa and NaCl concen-
tration of 2000 ppm. The promising results can be attributed to the
increase in membrane pore size from 0.65 nm in pristine membrane
to around 0.85 nm upon addition of metal alkoxides. Other research
works were also conducted recently to embedmulti-wall carbon nano-
tubes into PA membrane to further enhance membrane performance
and eliminate the tradeoff between permeability and selectivity [100].
2.2.5. Optimization of membrane substrates
Polysulfone (PSF) is a commercially available polymer and the
most commonly used material in the fabrication of supporting sub-
strate for RO TFC membranes. The widely used PSF-based substrate
is mainly due to its excellent mechanical, chemical and thermal
stability, and sustainable to bacterial attack as compared to other
polymer-based substrates.
Surface modiﬁcations of substrate have been investigated through
addition of hydrophilic additive e.g. polyethylene glycol (PEG) and
polyvinypyrrolidone (PVP) during dope preparation and/or the use
of solvent and surfactant in the precipitation bath [101,102]. The
presence of PEG or PVP in dope solution would produce membranes
with relatively hydrophilic and smoother surface, owing to the exis-
tence of ether (R–O–R) and hydroxyl (R–OH) groups in membrane
matrix [112]. The existence of these groups would then make TMC
to diffuse further into the pores of substrate, leading to formation of
thicker PA selective layer following a hydrogen bonding between
MPD and hydrophilic groups.
Most recently, a new approach of embedding inorganic nanoparti-
cles into PSF substrate has been explored. By employing different
types of inorganic ﬁllers e.g. non–porous silica and zeolite nanoparti-
cles, RO membranes with nanocomposite PSF substrate were able to
fabricate with the objective of minimizing physical impact due to
high operation pressure in RO desalination process. [103]. Results
indicated that the nanocomposite PSF substrate experienced less
ﬂux decline compared to the neat PSF supported RO membrane due
to improved mechanical resistance in the presence of inorganic nano-
particles. In addition, this new generation of TFN-supported ROmem-
branes also demonstrated great potential against irreversible fouling
propensity due to greater resistance against compaction.
Apart from PSF used in TFC fabrication, thermally stable polyimide
substrate composed of pyromellitic dianhydride (PMDA) and oxydia-
niline (ODA) were also introduced as a promising way to enhance
thermal resistance of the commercial membranes [104]. ZnCl2 addi-
tive was initially added to PMDA/ODA poly (amic acid)s (PAA) pre-
cursor in order to promote an ionic cross-linking between zinc ions
and carboxylic groups of PAA. The step was followed by chemical
imidization of PAA precursor. Results showed that the produced
membrane demonstrated smooth surface with greater permeability
and mechanical strength upon addition of 24% of ZnCl2 loading.A nanoparticles [92] and (b) carbon nanotubes in polyamide layer [93].
Fig. 9. Schematic diagram of hybrid membrane [97].
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showed no sign of pore expansion when the feed temperature was
increased up to 95 °C, indicating the water ﬂux as well as solute rejec-
tion could be maintained. Though PSF is well accepted as the material
in preparing substrate of commercial TFC membranes, other polymers
such as polyvinylidene ﬂuoride (PVDF) and polypropylene (PP) have
also been studied by membrane scientists in an effort to produce
an idealized supporting layer which can overcome the limitations of
PSF-based substrate [105–107].
3. Conclusions and future directions
With the aim of developing more robust RO TFC membrane per-
formance, signiﬁcant progresses have been achieved in recent years
to overcome the tradeoff between permeability and selectivity, and
to improve membrane stability against chlorine attack and fouling
problem. Since fouling is regarded as a major restriction in seawater
desalination process, recent studies have been focused on producing
more hydrophilic membrane surfaces and brush-like surface topology
in order to mitigate the impacts due to foulants attachment. With
regard to the development of anti-fouling membrane surfaces, better
understandings in the nature of foulants present in water bodies are
highly recommended. As pretreatment process of de-chlorination
is required in the desalination industry, development of chlorine-
tolerant RO TFC can be the most beneﬁcial way for the future indus-
trial needs by lowering the price of desalted water. Despite those
excellent ﬁndings in the recent developments, there is a challenge
to produce reliable membranes with highly chlorine stability for
long run in industries. More efforts are therefore needed to ensure
the progress.
Another main concern of current RO TFC membranes is their rela-
tively low removal rate of boron. It is found that efforts to reduce
boron concentration are merely to comply with the drinking water
standard set by WHO. It still remains a challenge for single-pass
RO systems to achieve promising boron rejection. It is true that
SWRO desalination process using multiple stages membrane ﬁltration
process may have high possibility to remove boron completely, but
the process comes with higher operating cost. More intensive studies
are required in order to better understand boron chemistry in seawa-
ter and further develop advanced membrane materials for boron
removal in desalination industries.
The introduction of nanoparticles with multi-functionalities in RO
TFNmembranes could lead to another breakthrough inmembrane de-
salination by further enhancingwater permeabilitywith no sign of salt
rejection loss. The incorporation of inorganic nanoparticles in the PA
membrane for instance has increased the ﬂux of almost double com-
pared to current commercially available RO TFCmembranes. Although
these newly fabricated TFN membranes have drawn considerableinterests in this area, the development however is still at early stage.
More intensive studies on the chemical compatibilities and physical
stability of newly invented TFN membranes are needed to conduct in
years to come.
With the continuous developments in membranes materials from
both industry and academia, SWROmembrane is expected to continue
being the most viable alternative in the production of cheap fresh
water from seawater for the future needs. Although parts of the RO
TFC membrane development reviewed in this paper are not likely to
be applied to seawater desalination in the short future, those ﬁndings
could help to provide potential directions for researchers in developing
RO membrane for future desalination process.
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